An important question in research on polymer solar cells is the mechanism of free charge carrier generation. In organic bulk heterojunction solar cells, photoinduced electron transfer between the donor and acceptor molecules leads to population of a charge transfer (CT) state at the donor-acceptor interface. The residual electrostatic binding energy between electron and hole in the CT state may be considerable; experimental studies indicate a binding energy of 0.1-0.2 eV which is much higher than the thermal energy ( k b T = 0.025 eV). [1] [2] [3] [4] Given the low dielectric constant of organic materials ( ε r = 3-4) charges need to be separated over a large distance (10-15 nm) before their electrostatic interaction energy becomes comparable to k b T . Even though the lifetime of the CT state can be as short as only a few nanoseconds, [ 5 , 6 ] the effi ciency of free charge carrier generation can be very high. In optimized polymer solar cells, charge carrier generation occurs with an effi ciency close to unity. [ 7 , 8 ] The mechanism by which the large energy barrier for charge separation from the CT state is overcome within the short lifetime is not known. Several explanations have been proposed, but no consensus on this issue has yet been reached. [ 9 , 10 ] One particular explanation for the effi cient charge generation involves the excess energy liberated in the photoinduced electron transfer step leading to the formation of the CT state. [11] [12] [13] In polymer-methanofullerene solar cells containing poly(3-hexylthiophene) (P3HT) and [6, 6] -phenyl-C 61 -butyric acid methyl ester (PC 60 BM), there is a large difference in energy between the lowest singlet excited states S 1 on P3HT (1.9 eV) and on PC 60 BM (1.7 eV) relative to the CT state (1.1 eV). [ 14 , 15 ] Photoinduced electron transfer from the S 1 state on PC 60 BM or from the higher lying S 1 state on P3HT, leads to formation of a "hot" CT state and the 0.6 eV energy dissipated in the electron transfer step may still be available to drive apart the positive and negative charge in the CT state to yield a charge separated state. For this mechanism to be effi cient, charge separation needs to be much faster than vibrational relaxation within the manifold of CT states. This mechanism is illustrated in Figure 1 .
It has been shown that the CT state in the P3HT:PC 60 BM junction can be populated directly from the ground state by illumination with 1.2-1.6 eV photons. [ 14 , 16 , 17 ] This opens the possibility to generate "cold" CT states with much less excess energy and to test the abovementioned hypothesis on the importance of the excess energy for charge separation.
By comparing the internal quantum effi ciency and the open circuit voltage ( V oc ) for P3HT:PC 60 BM solar cells upon excitation of the lowest excited singlet state of P3HT and under direct excitation of the CT state, Lee et al. conclude that the infl uence of excess energy liberated in the electron transfer process is negligible for the formation of free charges. [ 17 ] Here we investigate the infl uence of excess energy on the charge recombination process and on the presence of longlived, photo-generated charge carriers in P3HT:PC 60 BM photovoltaic cells employing the charge extraction by linear increasing voltage (CELIV) method. [18] [19] [20] In the photo-CELIV experiment, a short light pulse is used to generate carriers ( Figure 2 ) and by applying a voltage ramp at a variable delay after the excitation pulse, charge carriers are extracted. During illumination, a compensating bias voltage V bias comparable in magnitude to V oc is applied to minimize extraction of charge carriers due to builtin electric fi elds in the cell. During the ramp, the applied bias is lowered to extract long-lived charge carriers by Δ V = − 2.0 V, starting from V bias and reaching a reverse bias voltage V coll of approximately − 1.5 V.
Results from photo-CELIV measurements for as-cast P3HT:PC 60 BM solar cells are shown in Figure 3 . In as-cast P3HT:PC 60 BM fi lms the mixing of the donor and acceptor is relatively intimate and large semi-crystalline domains of P3HT and PC 60 BM have not yet been formed. [ 21 ] Figure 3 a shows results for direct excitation of the CT state in P3HT:PC 60 BM using 1.55 eV excitation. An average number density of light induced extractable charge carriers, n avg , is determined by integrating the photoinduced excess current during the extraction pulse over time and dividing by the volume of the bulk heterojunction. n avg is plotted as a function of delay time The dynamics of the charge carriers created by sub-gap excitation can be compared to the case of above-gap excitation, where 2.14 eV photons are used. The results are shown in Figure 3 b,d. Also for excitation with 2.14 eV photons we observe a power-law type decay for the extractable charge carriers, with an exponent that is very similar to the case of sub-gap excitation via the CT transition.
In order to compare carrier dynamics for direct and indirect population of the CT states more quantitatively, we have determined the fraction of the total number of extractable carriers which can still be extracted after a delay time ( τ delay , Figure 2 ). To obtain this surviving fraction, fi rst the total number of extractable photogenerated carriers was determined by integrating the photocurrent upon application of a constant − 2 V bias during pulsed illumination. Dividing the number of charge carriers after a delay time by this total number of extractable carriers then yields the fraction. For the two photon energies between illumination pulse and the onset of the charge extraction ramp. As can be seen, 5 μ s after the light pulse the cell holds around 10 15 extractable carriers per cm 3 . With increasing delay time, n avg decays following a power-law. Upon lowering the fl uence I of the laser pulse used to illuminate the cell, fewer photo induced charge carriers can be extracted. The range of fl uences used for each measurement was chosen such that the deviations in linearity of the magnitude of the spontaneous photocurrent with light intensity under short circuit condition were less than < 5%. To illustrate the linearity, we show in the inset of Figure 3 c the dependence of the spontaneous, The average number density of extracted charges ( n avg ) upon excitation via the charge transfer transition at 1.55 eV and V bias = 0.52 V. b) n avg upon excitation of the polymer S 1 ← S 0 transition at 2.14 eV and V bias = 0.44 V. In the inset, the black squares show n avg at constant zero applied bias and the circles n avg at a constant applied bias of -2 V. c,d) Fraction of the total number of extractable carriers at constant − 2 V bias that can still be extracted after a delay for 1.55 and 2.14 eV, respectively, plotted versus delay time. 
In Equation (2) we assume that η coll is independent of the small difference between the charge carrier densities ρ ag and ρ sg that exist for above-gap excitation and sub-gap excitation. Figures 3 a and 3b confi rm that the carrier density and dynamics in the two CELIV experiments with h ν sg = 1.55 eV and h ν ag = 2.14 eV are virtually identical. At suffi ciently negative V coll it can be expected that virtually all interfacial CT states will dissociate into free carriers, independent of how they were generated. In that case the rightmost term in Equation (2) cancels and we fi nd that:
Equation (3) suggests that the ratio of the fractions refl ects the dissociation ratio for sub-gap and above-gap excitation. Figure 3 
To fi nd support for this conclusion, we performed external quantum effi ciency (EQE) measurements as function of photon energy and applied bias voltage ( Figure 4 ). As expected, the EQE used, 1.55 eV (Figure 3 c) and 2.14 eV (Figure 3 d) , and a delay of 5 μ s we fi nd a fraction of extractable carriers of 0.12. The similarity in the fraction for sub-gap and above-gap excitation shows that the excess energy liberated during photoinduced electron transfer from the excited singlet state has a negligible infl uence on the recombination dynamics of the charge carriers. By comparing the fraction determined for different excitation fl uencies, we observe that for long delay times, the probability for survival of charge carriers becomes higher at lower light intensity (Figure 3 c) . This provides direct evidence for bimolecular recombination kinetics of the long-lived carriers, implying that a signifi cant fraction of the directly created CT states has dissociated into free carriers. The observation of bimolecular recombination of photogenerated charges in P3HT:PC 60 BM fi lms is consistent with previous reports. [ 22 − 25 ] We note that the intensity of the 1.55 eV beam is 10 2 higher than for the 2.14 eV light. Lee et al. report that the absorption at 1.55 and 2.14 eV differs by 10 2 . Hence, the density of primary photoexcitations should be similar for the two different excitation beams. The experimental observation of a similar density and fraction of extracted carriers for the two excitation photon energies, indicates that the charge carrier dynamics for the subgap and above-gap excitation are very similar.
The fraction of charges extractable after a delay determined from the experiments contains information on the effi ciency of charge generation. To explain this we write the overall effi ciency of charge collection η in a solar cell as the product of effi ciencies for absorption ( η abs ), diffusion of excitations to the donor-acceptor interface followed by formation of a CT state ( η CT ), dissociation of the CT state into free carriers ( η dis ), and collection of the charges ( η coll ): η = η abs η CT η dis η coll . We assume that η abs and η CT are independent of electric bias ( V bias ) and charge carrier density ( ρ ), but that η dis may depend on photon energy ( h ν ), the magnitude of V bias at which the device is held during the delay Δ t , and the voltage V coll used for collecting the charges, hence, η dis = η dis ( h ν , V bias , Δ t , V coll ). Further, η coll will depend on ρ (in case of bimolecular recombination) and V coll such that η coll = η coll ( ρ , V coll ). The ratio f of the number of charges extracted using the V coll (-2 V) pulse after a delay Δ t , at which the cell was kept at V bias and the number of charges extracted under constant V coll (-2 V) bias can then be expressed as:
In Equation (1) the term η dis ( h ν , V coll , 0, V coll ) in the denominator signifi es that V bias = V coll and Δ t = 0 under constant collection bias. From Equation (1) the ratio of the fractions of extractable carriers after a delay Δ t for sub-gap ( h ν sg ) and above-gap ( h ν ag ) excitation equals: has three main spectral components. Below 1.65 eV, the contribution of the CT absorption is visible. Above 1.7 eV, charge generation via the S 1 ← S 0 transition for PCBM and P3HT can be seen. When normalizing the EQE to unity at 2.53 eV excitation, we notice that the applied bias, ranging from V bias ≈ V oc to -2 V, has no signifi cant effect on the EQE under direct excitation of the CT transition. This implies that the electric fi eld V bias does not change the ratio between charge formation for above-gap and sub-gap excitation. In the EQE experiment a special condition of Equation (3) occurs, namely Δ t = 0 and V bias = V coll . As the ratio of the EQE for above-gap and sub-gap excitation is found to be independent of V bias , it follows that the relation between excitation photon energy and dissociation of charges from the interface must be such that: η dis ( hv sg ) ≈ η dis ( hv ag ). This conclusion is the same as the one inferred from the CELIV experiments. We note that for excitation photon energies of 2.0 eV there is a relatively small variation of normalized EQE with applied bias. We tentatively attribute this to a variation in the collection efficiency. Near 2.0 eV crystalline domains of P3HT can be selectively excited and in these ordered domains hole transport is expected to be faster than in the disordered phase. This interpretation is supported by EQE measurements on thermally annealed cells (Figure 4 b) . After annealing, most of the P3HT will be in the crystalline phase and transport limitations should be lifted. Indeed the measurements now show a complete independence of the normalized EQE value with respect to applied bias.
From the similarity of the fraction of carriers extractable after a delay for sub-gap and above-gap excitation we conclude, making use of Equation (3) , that the effi ciency of dissociation of the CT state under open circuit conditions is virtually independent of the excitation photon energy used. The hypothesis mentioned in the introduction that "cold" CT states lacking excess energy can only give rise to strongly bound geminate charge pairs has to be dismissed for P3HT:PC 60 BM fi lms.
Photo-CELIV characterization of thermally annealed P3HT:PC 60 BM cells are shown in Figure 5 . Thermal annealing results in a considerably enhanced performance of the solar cell as a result of more coarse phase separation and enhanced crystallinity of both P3HT and PC 60 BM. [ 21 ] Comparing the photo-CELIV results at 1.55 and 2.14 eV excitation, we fi nd that also for annealed cells, the excess energy dissipated in the carrier generation process has negligible infl uence on the fraction of long-lived charge carriers. In contrast to the as-cast heterojunctions, charge carrier dynamics in annealed P3HT:PC 60 BM fi lms results in an approximately exponential decay of the number of extractable carriers with delay time. The decay rate is virtually independent of the excitation fl uence. This rapid, mono molecular decay may be rationalized by rapid diffusion of carriers during the delay followed by recombination at the electrodes. The occurrence of this particular lifetime limiting process in annealed cells, is consistent with the known fact that thermal annealing significantly improves the transport properties, [ 26 ] and that bimolecular recombination in thermally annealed P3HT:PC 60 BM fi lms is signifi cantly suppressed as compared to as-cast fi lms. [ 24 , 25 ] In ascast fi lms, diffusion to the contacts would be slower, resulting in carrier lifetimes limited by bimolecular recombination.
In conclusion, photo-CELIV measurements provide a means to compare the recombination dynamics in polymer solar cells. In combination with EQE measurements, we fi nd that excess energy liberated in photocarrier generation by photons with energy far above the energy of the CT state, has no signifi cant effect on the charge generation and recombination process. This indicates that in P3HT:PC 60 BM blends a large excess energy in the electron transfer step, is not a strict requirement for free carrier generation. 
Experimental Section
Photovoltaic devices were made by spin coating poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) (Clevios P, VP Al4083) onto pre-cleaned, patterned indium tin oxide (ITO) substrates (14 Ω per square) (Naranjo Substrates). The photoactive layer was deposited by spin casting in air at 1000 rpm, using a 1:1 ( v : v ) chloroform: chlorobenzene solution containing 15 mg mL − 1 P3HT (Rieke, M n < 50 kg mol − 1 , 98% regioregular) and 15 mg mL − 1 [6, 6] -phenyl-C 61 -butyric acid methyl ester PC 60 BM (Solenne). The metal electrode, consisting of LiF (1 nm) and Al (100 nm), was deposited by vacuum evaporation at ≈ 3 × 10 − 7 mbar. Thermal annealing of cells was done at 120 ° C for 15 min after deposition of the top metal contact. The active area of the cells was 0.091 cm 2 and the thickness of the active layer was 200 nm. Under ≈ 1 sun white light illumination (tungsten-halogen lamp with a Schott GG385 UV fi lter and a Hoya LB120 daylight fi lter at 100 mW cm − 2 ) the pristine devices showed a short circuit current ( J sc ) of 5.8 mA cm − 2 , a fi ll factor (FF) of 0.51, and an open circuit voltage ( V oc ) of 0.58 V, resulting in a maximum power point (MPP) of 1.7 mW cm − 2 . After thermal annealing, the J sc increased to 7.2 mA cm − 2 , the FF to 0.68 and the V oc decreased to 0.51 V, resulting in an MPP of 2.5 mW cm − 2 .
For photo-CELIV with direct excitation of the CT states, short pulses from an amplifi ed Ti:sapphire laser were used (photon energy 1.55 eV, pulse duration 10 2 fs, fl uence I 0 4 mJ cm − 2 per pulse, spot size 0.07 cm 2 ). To excite into the S 1 state of P3HT, the second harmonic of the output of an optical parametric amplifi er (OPA) pumped by the Ti:sapphire laser was used (photon energy 2.14 eV, fl uence I 0 of 0.68 μ J cm − 2 per pulse and spot size 0.03 cm 2 ). The fl uence was varied using neutral density fi lters. Voltage ramps were generated using an Agilent 33250A arbitrary wave generator. A compensating voltage ( V bias , see Figure 2 ) was applied to minimize charge extraction before the start of the voltage ramp. The length τ of the voltage ramp was 12.5 μ s. The extraction voltage V min equals: V bias -Δ V = V bias -2.0 V ≈ -1.5 V. A 50 Ω probe resistor was used to record the transient photocurrent through the solar cell using an oscilloscope. The number of photogenerated charge carriers extracted was calculated by integrating the difference between the extraction currents upon application of the voltage ramp in dark and after pulsed illumination. Transient currents were determined averaging over 10 3 laser pulses and the statistical error of measurement was estimated by triplicating each transient current experiment.
EQE measurements were done in a homebuilt set-up, with the devices kept in a nitrogen fi lled box with a quartz window and illuminated through an aperture of 2 mm. Mechanically modulated (Stanford Research, SR 540) monochromatic (Oriel, Cornerstone 130) light from a 50 W tungsten halogen lamp (Osram 64610) was used as probe light, in combination with continuous bias light from a solid state laser (B&W Tek Inc. 532 nm) to create a representative illumination intensity for 1 sun conditions. The response was recorded as the voltage over a 50 Ω resistance, using a lock-in amplifi er (Stanford Research Systems SR830). Variable voltage bias over the cell was applied by the lock-in-amplifi er.
